DNA packaged into chromatin is the physiologically relevant substrate for all DNA-dependent processes inside the nuclei of eukaryotic cells. The highly compacted structures of DNA and histones is inherently repressive for all DNA-dependent processes. Active mechanisms exist to generate dynamic chromatin, which maintains two apparently contradictory functions: tight compaction and free accessibility of DNA. The dynamics of chromatin higher order folding and the influence of chromatin structure on transcription will be described in this paper. Chromatin dynamics and higher order folding may be the key regulators of not only transcription but of all DNA-dependent processes in the nucleus.
INTRODUCTION
DNA-dependent processes in the cell must contend with a highly organised and compacted substrate. Eukaryotic genomes condense DNA measuring approximately 1 m in length about 20,000-fold in order to fit into the limited volume of the nucleus, while still allowing access for DNA-binding factors regulating the DNA-dependent processes of replication, transcription, repair and recombination. The packaging of DNA into chromatin adds an additional level to the regulation of DNA-dependent processes, as factors can positively or negatively influence the access of non-histone proteins to DNA packaged into chromatin. There has, over the past few years, been a rapid discovery of the proteins that modify the structure of chromatin, changing the view of a static packaging of chromatin to that of a dynamic or fluid status in the cell. This chromatin fluidity is brought about by so-called ATP-dependent chromatin remodelling factors -multiprotein complexes containing ATPases of the Swi2/Snf2 subfamily.
1-3 These chromatin mobilisers use energy from ATP hydrolysis to alter the structure of chromatin and generally facilitate the access of DNA-binding proteins to their cognate sites. In addition, chromatin remodellers alone or in conjunction with another group of chromatin modifiers can restrict DNA accessibility and gene activation. This second group modifies histones covalently through acetylation, phosphorylation and methylation. [4] [5] [6] Recent advances in the preparation of model chromatin systems and the development of chromatin immunoprecipitation (ChIP) technology have allowed the basic mechanisms of chromatin dynamics and the key role of post-translational histone modifications in the regulation of genomic function to be unravelled. [7] [8] [9] The functional interplay between these chromatin-modifying complexes has enhanced interest in chromatin/chromosome structure and its role in gene regulation.
NUCLEOSOME STRUCTURE
About 80 per cent of genomic DNA is packaged into nucleosomes, the basic packaging unit of DNA in chromatin (Figure 1) . A nucleosome consists of 147 base pairs (bp) of DNA wrapped in a lefthanded spiral around the disc-shaped histone octamer. The structure reveals a tripartite assembly of the octamer, organised into the central (H3/H4) 2 tetramer and the two peripheral H2A/ H2B dimers. Nucleosome assembly is initiated by the binding of 121 bp of DNA to the (H3/H4) 2 tetramer. Binding of the H2A/H2B dimers to either side of the tetramer extends binding of DNA up to 147 bp. [10] [11] [12] DNA is wrapped around the nucleosome about 1.65 times, severely distorting the DNA path and compacting the DNA about 7-fold. 13 The DNAÀhistone octamer interactions are stabilised by more than 116 direct and 358 water-bridged interactions, rendering the nucleosome a stable particle. 14, 15 In vivo, nucleosomes are spaced at intervals from 160 bp (yeast) to more than 220 bp (higher organisms). Distinct nucleosome spacing arises from different DNA 'linker' lengths connecting neighbouring nucleosomes. Nucleosomes are arranged like 'beads on a string', separated by a short segment of linker DNA accounting for the remaining 20 per cent of genomic DNA. The nucleosomal array is the basic functional unit of chromatin. 16 Each histone can be divided into two functional domains: the histone foldrequired for the organisation of the histone octamer and DNA binding, and the N-and C-terminal domains ('tails'), which are the main targets for posttranslational modifications. The Nterminal domains of the histones form linker DNA and inter-nucleosomal interactions, thereby modulating the formation of chromatin higher order structure. 17, 18 
STRUCTURE OF THE CHROMATIN FIBRE
Although the nucleosome structure is known in detail, much of the arrangement of chromatin in higher order structure remains largely uncharacterised. Chromatin fibres are defined as the assembly of linker histone and nonhistone proteins associated with the nucleosomal arrays, forming compacted chromatin structures in vivo. Nucleosomal arrays in vitro adopt an extended 'beads on a string' fibre with a diameter of 10 nm, or condense into a compact 30 nm fibre, depending on the ionic conditions ( Figure  1 ). 16 Self-association into higher order structures produces a net approximately 50-fold compaction. [19] [20] [21] Research has shown that folding is mediated by the histone tails, since proteolytic removal of the tail domains abolished this process. 22, 23 A recent study demonstrated that only a small number of amino acids in the H4 N-terminus are critical for full fibre folding. 24 Self-association of the chromatin fibre is stabilised by the binding of a fifth histone, the linker histone H1, to each nucleosome. Linker histones are involved in the organisation of chromatin higher order structures. H5 (a histone H1 variant) is not able to compact chromatin assembled with 'tailless' histones, implying that linker histones stabilise the histone tail-mediated fibre interactions. 25 The structure of the first level of higher order compaction, namely the 30 nm fibre mediated by inter-nucleosomal interactions, is unclear. The two main architectural concepts propose that the linker DNA either continues the coiling of the nucleosomal DNA or is folded into a zig-zag structure. 26 Native chromatin can have more extreme compaction levels than the 30 nm fibre; 27 however, less is known about how these fibres are further compacted (about 400-fold) into higher chromatin structures in the interphase nucleus. The 30 nm fibres could be further compacted or coiled, or just be arranged side to side, forming a hierarchy of folding levels, resulting in fibres of 60-300 nm (for a review of these models, see ref. 27).
In the cell, chromatin is folded into chromosomes with a defined shape during mitosis. According to the basic radial loop model, the compacted 30 nm fibres form DNA loops of about 50-100 kilobases in length, fixed to a central protein 'scaffold' (Figure 1) . [28] [29] [30] According to the chromonema model, chromosome structure arises from three helical folding levels of chromatin fibres. Fibres of 60-80 nm in width are coiled into fibres of 100-130 nm which are further coiled to the 200-300 nm structure of the metaphase chromatid.
31, 32 Although the precise structure of higher order chromatin is not known, the complexity of the proposed chromatin folding properties implies the requirement of active changes in the structural hierarchies to allow DNAdependent processes to occur.
CHROMATIN DYNAMICS: A ROLE FOR SPECIALISED CHROMATIN REMODELLING ENZYMES?
Recent breakthroughs in real-time fluorescence microscopy have shown a highly dynamic organisation of the genome in the interphase nucleus. Genomic integration of lac operator arrays and the expression of green fluorescent protein (GFP)Àlac repressor fusion proteins binding to these sites allows the time-resolved tracking of specific chromosomal sites. In yeast, very large movements (.0.5 ìm) across one-half of the nucleus were observed for internal chromosomal sites during the G1-and S-phases. 33 Movements are very fast (0.5 ìm in a 10 second interval) and nondirected in a limited space, according to the random walk on a chain model. 33, 34 Dynamic chromatin processes are energydependent, and thus sensitive to ATP depletion and dependent on the metabolic state of the yeast cell. It was proposed that active mechanisms, probably involving ATP-dependent chromatin remodelling complexes required for active transcription, are engaged in this process. This idea is supported by the observation of reduced chromatin mobility in stationary cells exhibiting a reduced transcription rate. 35, 36 It is also possible that movements of interphase chromatin reflect the activity of the elongating RNA polymerase itself, as long-range movements were observed when tracking the newly synthesised RNA of actively transcribed genes in Drosophila. 37 Support for the involvement of chromatin remodelling complexes in the dynamics of higher order structure formation comes from recent experiments addressing the role of the histone H4 Sin -mutation in chromatin folding. 38 The Sin -mutations in histones H3 and H4, which contain single amino acid substitutions in the central histone fold domains, were shown to restore transcriptional defects in yeast cells lacking an active SWI/SNF chromatin remodelling complex. 39 Amino acid exchanges in the histone fold domain may weaken the nucleosome structure. One possibility is that this alteration mimics intermediates of SWI/SNF remodelling reactions. 40 Indeed, nucleosomes reconstituted with histone H4 Sin -mutants resulted in arrays incompetent for self-association into the 30 nm fibre. 38 This suggests that SWI/SNF complexes may function at the level of higher order chromatin folding, in addition to their function in nucleosome mobility.
Interestingly, residues 14-19 of the histone H4 tail are involved in chromatin folding; additionally, amino acids 17-19 are required for interaction with, and the activity of, the ISWI ATPase.
24, 41 The interaction of ISWI-containing chromatin remodelling complexes with H4 tail residues implies a role for this class of remodelling complexes in the organisation of chromatin structure. Furthermore, additional evidence comes from the role of ISWI complexes in the maintenance of chromosome structure. 45 therefore implying that the arrays form higher order structures in the cell. 46 The presence of different levels of higher order structure in mitotic chromosomes and during interphase was shown by light and electron microscopy studies. Mitotic chromosomes displayed 100-300 nm-wide fibres 31 and the interphase nucleus exhibited chromatin fibres of 100 nm in width. 47 Light microscopy revealed different levels of higher order structure during the decondensation of mitotic chromatin in synchronised CHO cells. Tightly coiled chromatin fibres can locally decondense through 100-130 nm 'chromonema' fibres and further decondense into 60-80 nm-wide fibres of 2-3 ìm in length. These fibres contain stretches of tens to hundreds of kilobases, representing the more loosely coiled 30 nm fibres. 32 Local decondensation of chromonema fibres (about 100-fold compaction of DNA) of over several microns of length would allow access to several million base pairs of DNA containing a number of transcription units.
42-44

ORGANISATION OF TRANSCRIPTION IN VIVO
Work correlating gene expression maps with chromosomal localisation has revealed that clusters of similarly expressed genes build up uniformly transcribed and organised chromatin domains. These transcribed domains could correspond to the observed 'chromonema' unfolding regions. Chromosomal domains of gene clusters have been observed in yeast, 48 
Drosophila
49 and human cells. 50 These studies show that neighbouring genes are similarly transcribed. Notably, the physical neighbourhood of highly expressed genes correlates with the housekeeping function in the human genome. 51 In turn, no common function of clustered genes, except of similar transcriptional activity, was observed in Drosophila. 49 The plasticity of genomic function in growing and differentiated cells requires constant changes of hierarchical chromatin structures. How are active and inactive chromatin units defined and separated from each other? Sharp boundaries, formed by boundary or insulator elements, can be found between the opened and condensed chromatin domains. [52] [53] [54] Insulators seem to form clusters, which can be anchored to the nuclear lamina or nuclear pore complexes with emanating chromatin fibre loops of active genes. [54] [55] [56] A similar chromatin network organisation was described in the case of tissue-specific gene regulation by special AT-rich binding protein 1 (SATB1), where sequence-specific anchoring sites trigger the organisation of the adjacent chromatin domain. 57, 58 Analysis of boundary element-associated proteins in yeast has shown that insulation of differentially expressed genomic regions can occur via passive or active mechanisms. 59 The state of gene activity is also marked by a variety of post-translational marks of histones and DNA and by associated non-histone proteins. Actively transcribed chromatin is usually acetylated at the N-terminal domains of histones H3 and H4, [60] [61] [62] and methylated at K4 of histone H3. 63 Besides the histone marks, the most prominent non-histone proteins associated with active chromatin are the high mobility group (HMG) proteins HMGB1 64 , HMG14 and HMG17. 65 The underlying active chromatin structure can also be changed by the partial replacement of histones by the histone variants H3.3 and H2A.Z. [66] [67] [68] Conversely, inactive chromatin domains are generally trimethylated at K9 of histone H3, Boundary elements separate transcriptionally active and inactive chromatin units Post-translational modifications of histone tails are marks for transcriptional activity contain methylated DNA and are associated with the heterochromatin protein HP1 and histone H1. [69] [70] [71] Transcriptionally inactive chromatin regions are characterised by the histone variants Cenp-A 72 and macroH2A. 73 Regulated decondensation of chromatin apparently results in activation of defined, physically linked, transcription units. Up to which level of higher order chromatin structure are these units uncoiled? Do active DNA-dependent processes occur on the 10 nm nucleosomal array or on more condensed states? Recent biochemical and light microscopy experiments have shown that chromatin higher order structures are maintained by actively transcribed genes. To investigate the switch between inactive and active genes, live cell imaging experiments were performed using the hormone-inducible, multimerised MMTV promoter and GFP-tagged transcriptional activators. 74 Large-scale decondensation of the MMTV promoter occurred after hormone treatment. Even under conditions of full hormone induction, the packaging ratio of DNA within the array is much greater than that of an unfolded chromatin fibre. This observation was supported by biochemical analyses of the same MMTV array. Georgel and colleagues 75 excised the MMTV repeats and analysed chromatin structure in an agarose multigel system, observing that active and inactive MMTV promoters form higher order chromatin structures, albeit consisting of different macromolecular compositions. These studies suggest transcribed chromatin exists in a higher order structure above the 10 nm fibre.
CHROMATIN DYNAMICS IN GENE ACTIVATION
Increasing evidence suggests non-random distribution of DNA sequences in the cell nucleus. Several active genes showed preferential interior positioning, whereas telomeres, centromeres and the inactive X-chromosome are positioned at the nuclear periphery of mammalian cells. 33, 34, 36, 76 A simplified interpretation of these studies is that transcriptionally active chromosomal domains are localised in the interior of the nucleus and nontranscribed domains are tethered to the nuclear periphery and around the nucleolus. Belmont and colleagues [77] [78] [79] developed a system to follow the dynamic process of gene activation in the cell. In order to visualise transcription activator function, they constructed a cell line with a condensed, amplified chromosomal region of about 90 megabase pairs. It contains arrays of the lac operator and the gene for dihydrofolate reductase. Expression of lacI-GFP shows a condensed chromatin foci of about 1 ìm diameter located at the nuclear periphery. Chromatin is dramatically decondensed and relocated to the nuclear interior after transient expression of lacI-GFP fused to the VP16 transcriptional activation domain. Relocation and decondensation is independent of transcription since AE-amanitin does not block decondensation. 79 Memedula and Belmont 77 have now followed up these studies, monitoring the kinetics and recruitment of SWI/SNF and histone acetyltransferases (HATs) with surprising observations (Figure 2) . Subunits of the HAT and SWI/SNF complexes were recruited individually suggesting that multi-subunit complexes undergo assembly/disassembly processes, which are important for their function. TRRAP protein, 80 ,81 a subunit of multiple HAT complexes, was recruited long before the catalytic subunits. Similarly, Brg1, a molecular motor of the SWI/SNF complexes, was recruited 10-15 minutes before other SWI/SNF subunits. VP16 promoted the recruitment of isolated proteins or smaller subcomplexes to condensed chromatin. Possibly, complexes in the megadalton range are too big to gain access to condensed chromatin fibres and sequential recruitment of individual subunits may initiate decondensation of chromatin, allowing access of multiprotein complex assemblies such as the transcription Assembly and disassembly of chromatin modifying protein complexes are highly dynamic processes machinery and associated factors. The results change the view of chromatin regulation by static 'holo' complexes to dynamic multisubunit assemblies. Memedula and Belmont 77 found an ordered recruitment first of TRRAP, followed by the remodelling motors hBrm/Brg1, then the HAT complexes and the additional subunits of the SWI/ SNF complex (Figure 2) . Decondensation of chromatin occurs in two phases, with partial decondensation occurring after 10-20 minutes and full decondensation within 3-5 hours. Partial decondensation of the chromatin domain follows the recruitment of the hBrm/Brg1 remodelling enzymes. It may be a platform for the acetyltransferase complexes involved in complete decondensation of the chromatin fibre.
The second phase -full chromatin decondensation -follows after recruitment of the additional SWI/SNF subunits and the recruitment of Tip60, the catalytic subunit of the histone H4-specific NuA4 acetyltransferase complex. 82 Recruitment of the acetyltransferases and acetylation of the histone tails could lead to the release of HP1 and histone H1, promoting further chromatin decondensation. [83] [84] [85] The other consequence of H4 tail acetylation could be the destabilisation of internucleosomal interactions, resulting in chromatin decompaction. 24 This order of factor recruitment is reminiscent of gene activation during late mitosis in yeast, 86 but recruitment of HATs before Brg1 has also been observed in mammalian systems. 87 In summary, dynamic unfolding of higher order chromatin structure by sequential recruitment of chromatin modifiers is a prerequisite for the establishment of active promoters. Chromatin remodelling complexes and HAT also act at the lowest level of chromatin structure and modulate DNA accessibility of gene promoters. Acetylation of the histone tails may increase the nucleosome's accessibility to transcription factors. Moreover, it may generate new binding sites for bromodomain-containing transcription regulators, recognising acetylated histone domains. 88 Chromatin remodellers alter the nucleosome positions or even remove nucleosomes from promoters, allowing binding of the RNA polymerase II transcription machinery and transcription initiation. 89 
